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SOME  ASPECTS  OP  STRSBS  CORROSION  CRACKZNO  IN 
AUSTiailTIC  STAINLESS  STEEIS 


by 

D.  van  Rooyen* 

ABSTRACT 

The  addition  of  small  amounts  of  nitrogen,  or  larger  amounts  of  molybdenum, 
reduces  the  resistance  of  austenitic  stainless  steels  to  transgranular  stress 
corrosion  cracking.  Increasing  the  carbon  or  nickel  contents,  and  perhaps  tin 
to  some  extent,  makes  the  alloys  more  resistant  to  cracking.  These  variations 
In  time  to  failure  result  from  differences  In  the  reaction  time  preceding  crack 
propagation,  while  the  rate  of  crack  penetration  remains  approximately  constant. 

CoiiQ>oslte  stress  corrosion  samples  were  made  in  \dilch  the  test  alloys  were 
bonded  to  a  steel  idilch  was  susceptible  to  cracking.  Results  showed  that  there 
Is  good  correlation  between  the  times  to  failure  of  the  experimental  alloys  idien 
tested  alone,  and  the  number  of  propagating  cracks  ^ich  will  penetrate  Into  them. 
The  possibility  Is  suggested  that  crack  Initiation  consists  of  a  form  of  corrosion 
attack  vdiich  Is  required  to  expose  a  path  of  rapid  corrosion,  after  which  true 
cracking  pr  -ceeds. 

Potential  measurements  indicate  that  strain- Induced  anodic  depoleirlzatlon 
cannot  account  for  cracking  entirely  by  an  electrochemical  mechanism.  Preference 
Is  given  to  an  electrochemical  mechanism  wherein  reaction  takes  place  at  sites 
of  structural  and  composition  changes  In  the  steels.  These  may  be  formed  \inder 
the  Influence  of  stress,  setting  up  paths  of  easy  localized  corrosion. 

*Research  Engineer,  Research  Laboratories,  Westlnghouse  Electric  Corporation, 
Pittsburgh  35*  Pennsylvania. 


S(X(E  ASPECTS  OF  STRESS  CORROSION  CRACmO  IN 
AUSTBIITIC  STAINLESS  STEELS _ 


D.  van  Rooyen* 

INTRODUCTION  AND  SUMMARY 

Most  of  the  reported  vork  on  the  effect  of  con^sltlon  upon  the  transgranular 
stress  corrosion  cracking  properties  of  austenitic  stainless  steels  concerns 
Itself  with  the  effect  of  nickel  on  this  type  of  failure.  Rocha showed  that 

(2) 

an  Increase  In  nickel  content  censes  li^roved  resistance  to  cracking.  Edeleanu'  ' 
tested  some  very  highly  resistant  steels  with  nickel  contents  between  l6  and  21$, 
some  of  them  remaining  \mbroken  In  boiling  magnesium  chloride  for  ^00  hours 
at  stress  levels  of  kO^OOO  psl.  Schell'  '  and  Copson'  '  reported  the  onset  of 
Immunity  to  stress  corrosion  cracking  at  or  more  nickel,  while  Edeleanu  and 
Snowden^^^  pointed  out  the  superiority  of  stainless  steels  with  30^t  nickel  over 
those  with  lower  nickel  contents. 

Most  of  the  results  on  the  effect  of  additions  other  them  nickel  appear  In 
the  work  of  Uhllg  and  White^^^,  vdio  tised  steels  of  low  {0$)  and  high  (20^)  nickel 
contents  as  basic  materials  for  study:  In  the  case  of  oc-phase  8^  nickel  alloys, 
which  do  not  crack,  the  addition  of  carbon,  nitrogen,  or  niobium  produces  sensi¬ 
tivity  to  stress  corrosion  cracking,  with  tltanliun  having  no  effect.  The  addition 
of  tlteuilum,  or  niobium,  to  austenitic  stainless  steel  of  the  l8-0  type  has  little 
or  no  effect,  all  the  alloys  fail  in  a  short  time.  Stable  20^  chromium- 20^  nickel 
austenitic  steel  alloys  are  resistant  to  cracking  at  low  nitrogen  levels,  l.e., 
eax>xmd  0.002$  Higher  nitrogen  contents  In  these  materials  cause  cracking, 

while  increeising  carbon  contents  Increase  the  resistance  to  failure.  Silicon 

*Research  Engineer,  Research  Laboratories,  Westlnghouse  Electric  Corporation, 
Pittsburgh  35f  Pennsylvania. 
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Increases  the  resistance  to  cracking  of  l8>8  and  2^-20  Cr-Ni  type  steels,  with 

cobalt  sold  probably  boron  also  being  beneficial.  The  observation  of  Uhlig  and 

White  on  the  effect  of  silicon  is  in  conflict  with  the  resvilts  of  Leu  and 
(l\ 

Helle'  ’fdio  found  that  the  number  of  observed  cracks  is  increased  by  the 
addition  of  silicon. 

Atteopts  to  explain  the  mechanism  of  cracking  and  to  show  how  this  is 

changed  by  various  alloy  additions  are  described  in  the  literature.  In  the 

l8-8  series  of  alloys,  cracking  is  prevented  by  those  factors  \diich  give  rise 

to  a  predominantly  ferritic  structure,  since  it  seems  that  tremsgranular  stress 

corrosion  cracking  in  chloride  solutions  is  confined  to  the  steels  with  a  face- 

centered-  cubic  structxure.  For  l8-8  type  steels  containing  enough  carbon  and 

nitrogen,  the  structure  is  austenitic,  but  some  martensite  can  be  formed  either 

by  sufficient  cooling  of  the  alloy  or  by  straining  it  at  a  temperature  below  a 

certain  critical  value,  Edeleanu^®^  showed  that  stress  corrosion  is  more  rapid 

when  some  martensite  is  present,  but  it  seems  to  be  generally  believed  that  such 

a  phase  change  is  not  always  the  cause  of  cracking. Uhlig^^^^^^  explains 

the  mechemlsm  of  cracking  as  a  process  which  is  psurtly  electrochemlced  and  partly 

physical,  the  crack  sensitive  paths  being  associated  with  plastic  deformation 

and  locedlzed  composition  greidlents;  the  adverse  effect  of  nitrogen  is  assumed 

to  be  associated  with  its  diffusion  to  lattice  imperfection  sites,  forming 

cathodic  areas;  the  beneficial  eftect  of  silicon  and  nickel,  on  the  other  hand, 

is  ascribed  to  their  "altering  the  pattern  of  cathodic  atmospheres  or  precipitates, 

fl2) 

or  inhibiting  their  formation."  Hoar  and  West'  '  support  the  electrochemical 
mechanism  of  cracking,  and  showed  that  pure  nickel,  which  does  not  crack,  has 
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corrosion  characteristics  different  from  those  of  a  susceptible  stainless  steel. 
Their  tests  involved  the  measurement  of  polarization  of  specimens  which  were 
corroding  at  high  current  densities,  and  they  indicate  that  nickel  does  not 
undergo  stress  corrosion  cracking  because  excessive  polarization  would  prevent 
cracks  from  penetrating  by  an  electrochemical  corrosion  mechanism.  By  inter¬ 
polation,  it  would  be  expected  that  the  effect  of  increasing  nickel  contents  in 
stainless  steel  would  be  one  of  making  rapid  corrosion  more  and  more  difficult, 
until  a  point  is  reached  where  crack  propagation  is  no  longer  possible. 

In  the  work  reported  here,  two  series  of  iron-base  alloys  were  examined; 
l6^  chromium- ih^  nickel  and  l6^  chromiijm-20^  nickel.  In  both  materials  the 
addition  of  carbon  is  beneficial.  Additions  of  silicon,  nitrogen,  manganese, 
tltanivan,  eQ.umlnum,  and  combinations  of  the  metallic  additions  with  nitrogen, 
have  no  significant  effect  on  the  times  to  failure  of  the  li*-^  nickel  alloy. 

This  alloy,  without  any  additions.  Is  not  very  resistant  to  cracking.  The  effect 
of  platinum  is  to  lower  the  time  to  fedlure  by  an  order  of  magnitude.  The  "pure" 
20^  nickel  alloy  is  very  resistant  to  cracking  and  never  falls  within  the  test 
periods.  The  addition  of  manganese  to  this  resistant  material  has  no  effect, 
while  nitrogen,  or  molybdenum,  causes  it  to  become  susceptible.  The  adverse 
effects  of  nitrogen  and  molybdenum  can  be  offset  by  carbon  additions.  The 
simultaneous  presence  of  manganese,  silicon,  and  molybdenum  in  several  alloys 
with  20^  nickel  results  in  short  times  to  failure,  while  similar  compositions 
without  molybdenum  do  not  fail  within  the  test  periods.  Three  nickel-base  alloys 
were  tested  and  found  to  be  immune  to  stress  corrosion  cracking  in  magnesium 


chloride. 
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As  a  result  of  the  knowledge  gained  during  the  esurly  stages  of  the 
investigation,  four  alloys  were  selected  for  further  tests.  They  have  the 
same  nickel  and  chromium  contents,  but  times  to  failure  are  within  the  range 
of  12  to  more  than  350  hours.  The  resistance  of  these  alloys  to  stress  corrosion 
crack  propagation  was  evaluated  with  compound  specimens,  prepared  with  each  of 
the  test  materials  bonded  to  a  susceptible  commercial  steel.  Cracks  were 
started  in  the  commercial  alloy,  and  their  behavior  was  observed  when  they 
reached  the  boundary  between  the  two  metals.  This  technique  eliminated  the 
initiation  period  for  the  test  alloys. 

Cracks  penetrate  readily  into  the  steel  idiich  has  a  short  life  when  tested 
alone,  but  such  crack  penetration  into  the  alloys  with  longer  times  to  failure 
becomes  less  frequent.  The  most  resistant  alloy  does  not  support  any  cracking. 

The  results  show  that  the  number  of  areas  which  sure  immune  to  cracking  increases 
with  increasing  time  to  failiire,  suggesting  that  the  time  to  failure  is  dependent 
on  the  ease  with  which  a  susceptible  site  is  exposed  diurlng  the  incubation  period. 

Studies  were  made  of  the  electrochemical  behavior  of  rapidly  corroding  and 
rapidly  yielding  alloys,  in  the  absence  of  concentration  polarization.  There 
is  no  correlation  between  the  strain- induced  anodic  depolarization  and  the  degree 
of  susceptibility  of  the  alloys  to  stress  corrosion  cracking.  Also,  when  some 
depolarization  is  found,  it  occixrs  only  at  ciorrent  densities  of  about  one  order 
of  magnitude  lower  than  that  which  would  account  electro chemically  for  the 
observed  rates  of  crack  propagation.  VQille  there  is  no  disagreement  with  the 
electrochemical  theory  of  stress  corrosion  cracking,  it  is  suggested  that  rapid 
localized  corrosion  does  not  mainly  resvilt  from  the  lack  of  polarization  at  the 
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roots  of  cracks;  this  interpretation  is  different  from  that  of  %ar  and  West, 

1^0  reported  similar  vork  in  195d.  Results  tend  to  favor  suggestions  in  the 
literature  idiich  propose  coa^wsitlon  gradients  within  those  alloys  which  suffer 
stress  corrosion  cracking.  These  changes  could  possibly  be  caused  by  straining, 
and  may  account  for  the  necessary  driving  force  required  to  susteiln  rapid  cor¬ 
rosion  along  crack- sensitive  paths. 

EXPERIMENTAL  PROCEDURE 

The  304^  type  stainless  steel*  was  in  the  form  of  cold- worked  wire.  The 
alloys  containing  l4^  nickel  were  made  by  levitation  melting  samples  of  approxi¬ 
mately  15  to  20  grams  each  in  an  argon  atmosphere;  the  steurting  material  was  a 
vacuum-melted  ”p\xre"  alloy  of  couqxssltion  l6^  chromium,  nickel.  The  steels 
containing  20^  nickel  were  taken  from  I/16  in.  diameter  wire  samples  which  were 
prepared  by  vacuxon- melting  and  subsequent  reduction.  The  reason  for  selecting 
16^  chromium-20^  nickel  and  l6^  chromium- 14^  nickel  alloys  as  basic  compositions 
was  to  have  available  two  stable  austenitic  alloys,  even  with  low  carbon  and 
nitrogen  levels.  Where  additions  were  made  to  these  compositions,  specimens 
were  obtained  from  larger  pieces  of  vacuum- melted  material,  and  the  new  alloys 
were  prepared  by  the  levitation  technique.  The  preparation  of  wires  of  O.025  in. 
diameter  ms  done  in  successive  steps  of  ^0^  reduction  and  vacuun  annealing  at 
about  1065*0.  All  stainless  steel  8aiiq>le8  were  tested  after  a  final  vacuum 
eumeal  at  1065'C  +  5*0,  followed  by  cooling  in  vacuum.  The  teii5)eratui'e  fell  to 

*Klndly  supplied  by  Driver- Harris  Oonpany. 
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below  400*C  within  about  20  seconds.  The  nickel >base  alloys  were  vacuum- 
annealed  to  give  an  expected  grain  size  of  ^  to  6. 

The  chemical  conqposltlons  of  the  alloys  are  given  In  Tables  III,  V, 

VII,  and  IX. 

The  wires  were  tested  In  boiling  k2$  magnesium  chloride  solutions  In 

horizontal  glass  cells,  the  tensile  stresses  being  applied  by  direct  loads, 

(l5l 

as  described  elsewhere.'  *  A  metallographlc  examination  was  made  of  a  longi¬ 
tudinal  section  of  each  tested  alloy  to  confirm  that  failure,  ^dien  It  occurred, 
was  a  result  of  stress  corrosion  cracking. 

Bonded  specimens  were  prepared  by  arc-depositing  commercial  3CA-  or  3^7 
tyi)e  stednless  steel  onto  l/8  In.  thick  strip  of  each  of  the  selected  test 
alloys.  A  piece  6  inches  long  and  l/U  inch  wide  was  then  cut  out  to  include 
some  of  both  materials.  This  strip  was  hot  rolled  to  0.03  1>^  thickness, 

pickled,  and  electropollshed  In  a  mixture  of  phosphoric  acid  and  glycerol.  The 
edge  of  the  commercleuL  alloy  side  of  the  piece  was  then  machined  In  such  a  way 
that  two- thirds  of  the  width  of  the  specimen  consisted  of  the  test  alloy.  All 
specimens  were  annesLLed  In  vacuum  as  described  for  the  wire  samples.  Testing 
was  carried  out  In  glass  cells  contsdnlng  boiling  k2$  magnesium  chloride,  at 
stress  levels  of  27,000  psl.  During  some  of  the  tests  a  current  of  5  mlllian^fs/cm^ 
was  passed  between  the  specimen  (anode)  and  an  axuclliary  stainless  steel  cathode 
Immersed  In  the  same  solution.  This  caused  rapid  and  prolific  cracking  In  the 
conmerclal  material.  When  the  cracks  reached  the  Interface  between  the  metals, 
the  stress  on  the  test  alloy  wets  4o,300  psl,  not  taking  Into  accomt  any  stress¬ 
raising  effect  at  the  roots  of  the  cracks.  The  duration  of  the  tests  was  from 


6  to  9  boTirs,  except  vhere  failure  occurred  before  this  time.  After  testing, 
pieces  were  cut  from  the  sss^les,  mounted,  polished  and  etched  for  micro¬ 
scopic  examination. 
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The  apparatus  for  carrying  out  the  depolarization  tests  on  rapidly 
yielding  wire  saDQ>les  Is  shown  In  Fig.  1.  Potentials  were  measured  against 
satxirated  calomel  electrodes  'idilch  were  connected  to  the  apparatus  at  the 
points  marked  "salt  bridge."  The  potential  difference  was  recorded  on  a 
"Brush"  high-speed  recorder  which  was  connected  to  th^  output  terminals  of  a 
"Kelthley  600"  electrometer.  The  Input  of  the  electrometer  was  connected  to 
the  test  appsuratus.  A  direct  current  was  liiq[>ressed  between  the  specimen  and 
the  platlnw  cathodes  A  and  B.  The  boiling  magnesium  chloride  was  forced  through 
the  test  cell  by  con^res&ed  air,  regulated  so  that  the  liquid  flowed  over  the 
specimen  at  100  cm/sec.  The  wire  was  stretched  by  means  of  an  electrically- 
driven  pulley  at  rates  of  7  and  12^/ sec.  In  some  tests  a  weight  was  released 
to  stretch  the  wire  during  the  test  by  about  1^^  In  a  small  fraction  of  a  second, 
giving  a  strain  rate  well  In  excess  of  100^/sec.  The  cell  generally  used  was 
made  of  |iyrex  glass  with  platinum  cathodes.  Fig.  1;  other  cells  were  also  used. 
These  were  made  out  of  Fyrex  glass  with  full-length  stainless  steel  wire  cathodes, 
or  from  a  copper  tube  which  also  acted  as  a  cylindrical  cathode  eiround  the  test 
wire.  In  the  latter  case  the  tube  was  preheated  to  l4o*C  by  an  electrical 
heating  element.  These  two  different  cell  designs  contained  probes  similar  to 
the  one  shown  for  potential  measurements  In  Fig.  1.  In  all  cases,  except  ^ere 
the  cathode  did  not  run  the  full  length  of  the  test  wire,  results  were  unaffected 
by  cell  design  or  preheating.  The  difference  caused  by  using  only  cathode  A 
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will  be  discussed  later  In  this  paper.  The  specimens  vere  vacuum- aimealed 
and  cleaned  In  the  usvial  way  before  testing. 

The  electi.'ochemlcal  tests  were  of  very  shoirt  duration,  and  it  would  have 
been  better  If  the  testing  times  were  longer.  Unfortunately,  the  strain  rates 
used  made  this  Is^sslble. 


RESULTS 

(a)  Nickel  and  nickel-base  alloys.  Samples  of  nickel  and  the  three 
nickel-base  sdloys  vere  found  to  be  immune  to  cracking  in  boiling  magnesium 
chloride  within  the  test  period  of  500  hours,  at  stress  levels  of  3^>000  psl. 
Under  similar  conditions  a  commercial  l8-8  type  stainless  steel  fed.led  in  about 
two  hours.  The  conQwsltlons  of  these  materials,  and  detedls  of  the  results, 
are  Included  In  Tables  IX  and  X. 

(b)  Stainless  steels  with  20^  nickel.  The  materisd-s  in  this  series  had 
stable  austenitic  structures.  The  piurest  alloy  was  prepared  by  vacuum-melting, 
and  contained  O.Ol.i  carbon,  with  no  other  intentional  additions.  No  cracking 
of  this  sample  was  found  in  any  of  the  tests,  which  lasted  up  to  3^0  hoiu-s  in 
some  cases.  Other  alloys,  prepared  by  vacuum-melting,  but  containing  1.5^  man- 
ganese,  or  0.1%  ceurbon,  also  did  not  fail.  The  eQ.loys  containing  molybdenm 
cracked  In  about  10  to  120  hours,  depending  on  the  molybdenum  content.  Carbon 
was  added  to  alloys  containing  small  amoimts  of  manganese  and  molybdenum.  The 
levitation  technique  was  used.  In  an  atmosphere  of  argon.  As  the  carbon  content 
In  the  molybdenum  alloy  Increased,  l]iQ>roved  resistance  to  stress  corrosion 
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cracking  was  observed.  These  results  are  Included  In  Tables  IV,  VI,  and 
Fig.  2.  (The  latter  ciurves  were  drawn  through  only  a  few  points,  and  c'lould 
thus  be  used  for  a  better  general  understanding  rather  tlian  as  absolute  Infor¬ 
mation).  When  nitrogen  was  added  to  samples  of  the  aJLloy  containing  manganese, 
the  tines  to  failure  decreased  with  Increasing  nitrogen  content,  and  resistance 
could  again  be  in^roved  by  Increasing  the  carbon  content. 

Several  alr-melted  alloys  were  examined,  the  results  being  in  genered 
agreement  vfth  those  obtained  from  the  vacuvim-melted  materials.  Thus,  all 
sanqples  \dilch  contained  molybdenum  failed  In  short  times.  The  presence  of 
silicon  and  manganese  did  not  change  the  slight  resistance  to  stress  corrosion 
cracking  of  the  alloys  containing  molybdenuir.,  while  samples  containing  very 
little  (0.002^)  molybdenum,  together  with  0.5^^  silicon  and  1.5)t  manganese,  did 
not  fail  within  the  test  period.  Variations  of  the  molybdenxm  content,  in  com¬ 
bination  with  varying  amoxmts  of  manganese,  did  not  give  rise  to  significant 
changes  In  results. 

(c)  Stainless  steels  with  l45t  nickel.  Th^'  materials  tested  In  this  series 
were  nonmagnetic.  The  ptiresc  alloy  in  the  group  failed  in  about  30  hours.  The 
addition  of  various  levels  of  marganese,  silicon,  aluminum,  tltanl\mi,  or  nitrogen 
caused  only  minor  variations  in  times  to  feillure,  as  did  combinations  of  the 
listed  elements  with  nitrogen.  Carbon  additions  Increased  the  resistance  of 
the  alloy  to  stress  corrosion  cracking.  No  failures  were  found  within  the  test 
period  at  around  0.1^  and  higher  carbon  levels.  In  these  compositions  the 
simultaneous  siddltlon  of  some  titanium,  silicon,  niobium,  and  manganese  could 
be  tolerated  without  Isipalrlng  their  resistance.  For  some  levels  of  tin  content 
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so!ae>^t  longer  times  to  falliire  were  fotind.  The  ed.dltlon  of  0.1^  platinum 
to  the  "pure"  haee  alloy  reduced  the  failure  time  to  about  3  hours.  Results 
are  shovn  In  Table  VIII  and  Figure  2. 

(d)  Electrochemical  potentials  of  specimens  under  static  load.  The  electro- 

chemlceiL  potential  changes  of  some  of  the  specimens  were  made  during  tests  at 

constant  loeui.  These  curves  are  given  In  Figs.  3>  and  6.  The  genercd. 

fl4) 

behavior  Is  found  to  be  very  much  the  same  as  for  comme"''<al  steels.^  ' 

Initially^  the  potential  Is  relatively  low,  and  a  slow  rise  takes  place 

during  the  first  hour  or  more.  This  period  Is  followed  by  a  steeper  rise, 

after  which  It  remains  more  or  less  constant.  No  further  sudden  changes  In 

potential  are  observed  In  the  case  of  the  alloys  which  do  not  crack.  In  the 

case  of  susceptible  alloys,  failure  Is  preceded  by  a  rapid  fall  In  potential. 

The  time  between  the  onset  of  the  rapid  fall  In  potential  and  final  fracture 

la  about  the  same  as  In  the  case  of  commercial  steels,  and  seems  to  be  Independent 

of  the  total  time  to  failure.  In  the  case  of  the  steel  containing  molybdenmn, 

for  Instance,  the  duration  of  the  final  potential  drop  was  15  minutes,  idille 

It  was  20  minutes  for  the  alloy  with  nitrogen.  The  total  times  to  fractvire  of 

the  materials  were  l8  and  17  hours,  respectively.  The  l8-8  type  stainless 

steel  samples  hsid  failure  times  of  about  2  hours,  with  the  period  of  rapid 

potential  fall  lasting  for  6  to  20  minutes.  In  the  l8-8  type  steel.  It  was 

(13  l4) 

shown  that  cracking  does  not  take  place  before  the  final  potential  drop.'  * 
Slfflllair  teste  were  made  for  the  present  alloys,  l.e.,  the  ones  containing 
molybdenum  auad  nitrogen:  the  alloys  were  left  in  the  test  solution  for  pro¬ 
longed  times  >rtille  stressed  at  40,000  psi,  but  removed  before  final  fracture. 
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No  cracks  vere  found  In  the  sections  of  the  vires  removed  before  the  onset  of 
the  rapid  drop  in  potential,  in  spite  of  the  many  hours  since  passing  the  peede 
in  potentisl,  as  shovn  in  Figs.  7  and  8.  In  making  the  sections  of  the  vires 
the  entire  specimen  vas  mounted  as  shovn  in  Fig.  9>  so  that  a  mayitmiTn  eurea  vas 
exposed  by  polishing  before  inspection  for  cracks. 

(e)  Bonded  samples.  Tests  were  made  vlth  nickel-base  alloy  No.  1,  and 
three  special  alloys  of  basic  composition  l6^  chromium- 20^  nickel;  one  had 
no  further  additions  (VM-462),  the  second  contained  1.5^t  molybdenum  (VM-463), 
and  the  third  contained  0.5^t  nitrogen  (VM-467).  Detailed  analyses  are  given 
in  Table  I.  Cracks  did  not  penetrate  into  the  nickel-base  eG.loy,  or  the  "pure" 
alloy  (VM-462).  When  corrosion  vas  stimulated  by  means  of  an  applied  direct 
current,  pitting  steurted  at  the  roots  of  many  of  the  cracks  upon  reaching  the 
interface  between  the  test  siLloy  and  the  susceptible  material.  Cracks  that 
stopped,  and  also  pitting,  are  shown  in  Figs.  10  and  11.  Figure  12  shows  some 
of  the  cracks  which  penetrated  into  the  molybdeniun- containing  alloy.  Similar 
penetration  could  be  observed  over  most  of  the  specimen  but,  at  a  few  sites, 
some  of  the  cracks  did  not  exceed  the  boundary  line;  an  example  of  this  is 
shown  in  Fig.  13 .  The  nitrogen- containing  alloy  behaved  in  a  manner  exactly 
opposite  to  the  one  with  molybdenum;  most  of  the  cracks  stopped  at  the  boundary, 
but  a  few  penetrated  all  the  way  through  the  test  alloy,  which  ruptvured  after 
5  hours.  For  compsirlson,  the  times  to  failure  are  repeated  for  the  alloys 
when  tested  alone;  the  nickel-base  alloy  and  VM-462  did  not  break;  VM-463 
broke  in  12  to  17  hours,  and  VM-467  broke  in  125  hours  or  more. 
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(f )  Anodic  polarization  during  yielding.  Iftwn  bringing  the  flowing 
llqiild  Into  contact  with  the  test  specimens,  and  before  applying  strain  or 
current,  the  potential  readings  were  about  -400  mv.,  as  measured  agednst  a 
satvirated  calomel  electrode.  High  Euiodlc  current  densities  between  0.35  and 
0.7  amps/cm  caused  a  rise  In  potential,  of  the  order  of  300  millivolts.  This 
value  was  unaffected  by  straining  the  sauries,  \dien  readings  were  made  at 
either  point  1  or  2  (Fig.  l)  and  with  both  cathodes  In  operation,  or  ^en 
made  at  point  1  with  either  both  cathodes  or  with  only  cathode  A  In  operation. 
When  the  reference  electrode  was  placed  at  point  2,  and  only  cathode  A  was 
connected,  a  smaller  Initial  rise  In  potentleil  was  observed  upon  switching 
the  current  on.  In  this  case  strsdnlng  caused  a  lowering  of  the  corrosion 
potential  to  a  value  very  close  to  that  of  the  ^mpolarlzed  meted.  Detailed 
resxilts  eire  given  In  Table  XI. 

Sanples  of  AISI  Type  304  steel  were  used  to  obtain  these  preliminary 
res\ilt8,  idilch  Indicated  the  probability  that  there  was  cm  uneven  current 
distribution  over  the  test  wire  when  cathode  B  was  not  operative.  Uneven  cur¬ 
rent  distributions  result  in  lower  current  densities  over  the  lower  portion  of 
the  wire,  and  this  is  accentuated  by  the  cons lirlction  In  the  cell.  Thus,  when 
the  reference  electrode  Is  connected  to  the  lower  part  of  the  equipment 
(point  2),  the  potential  difference  Is  largely  that  between  the  calomel  elec¬ 
trode  and  the  portion  of  the  wire  corroding  at  low  current  densities.  To 
verify  this,  tests  were  carried  out  In  \dilch  both  cathodes  were  connected  In 
the  circuit,  but  much  lower  currents  were  passed  (0.03  siqps/cm  ).  When  this 
was  done  the  Initial  rise  of  potential  upon  starting  the  current  was  of  the 
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sane  order  as  idien  high  currents,  cathode  A,  and  point  2  vere  Involved. 

Stradnlng  lowered  the  measured  potentials  to  flneLL  values  that  vere 
40  to  60  millivolts  more  positive  than  the  unpoleurlzed  alloys.  Ho  IR  drop 
corrections  were  made.  In  all  these  measurements  at  the  lover  current  den¬ 
sities  the  readings  at  points  1  and  2  vere  the  sane.  Not  slLI  the  test  alloys 
showed  the  sane  degree  of  strain-depolarization  at  low  current  densities,  the 
values  reuiglng  from  5  millivolts  for  nickel  ”61"  to  85  millivolts  for  nickel  "A." 
The  nickel-base  eulloy  No.  1,  type  304  stainless  steel,  and  the  three  special 
20^  nickel  steels  showed  Intermediate  values  for  the  drop  In  potential  during 
straining.  When  larger  rises  In  potentials  occurred  as  a  result  of  current 
flow,  depolarization  was  large  and  vice  versa.  In  this  way  the  final  values 
obtained  were  not  very  different  for  the  various  compositions,  regardless  of 
their  crack  susceptibility. 

In  no  case  was  any  difference  observed  between  liquid  flow  rates  of  50 
or  100  cm/sec.  Also,  there  was  no  detectable  effect  caused  by  changing  the 
strain  rate  from  7  to  12^/sec.  In  the  few  cases,  at  high  cturent  densities, 
where  strain  rates  In  excess  of  100f(/sec.  vere  used,  this  too  made  no  difference 
In  the  resxilts. 


DISCUSSION 

A  coBQ>eu:lson  of  the  results  obtsuLned  with  the  I8-8  type  steel,  the  l4^ 
nickel,  and  the  20$  nickel  alloys  shows  a  gradual  Increase  In  resistance  to 
stress  corrosion  cracking  as  the  nickel  content  Increases.  This  supports  the 
evidence  put  forward  In  the  literature.  At  these  levels,  however,  the  nickel 
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content  alone  does  not  guarantee  any  specific  degree  of  resistance,  since  It 
also  depends  on  the  presence  of  other  eiddltlons,  such  as  relatively  small 
amounts  of  nitrogen  or  larger  amotjnts  of  thither  carbon  or  molybdenum. 

The  role  of  minor  additions,  which  reduce  the  time  to  failure  of 
otherwise  resistant  alloys.  Is  one  of  reducing  the  time  of  crack  initiation. 

Once  a  crack  has  started,  however,  the  propagation  time  is  about  the  same  for 
all  the  alloys  tested.  Evidence  for  this  is  found  in  the  fact  that  no  cracks 
have  been  observed  in  susceptible  specimens  after  many  hours  of  testing,  but 
before  the  onset  of  the  final  rapid  drop  in  electrochemical  potential,  which 
precedes  toted  fracture,  as  shown  in  Figs.  2  to  8.  The  interpretation  of 
these  potential  curves  Is  analogous  to  those  for  commercial  alloys 
wherein  it  was  demonstrated  that  cracks  do  not  form  before  the  fined  fast 
fall  In  x>otentlal,  emd  that  the  toted  period  of  crack  propagation  was  within 
6  to  20  minutes.  In  the  present  results  these  times  are  essentially  the  same. 

Two  possibilities  may  explain  the  increase  in  times  to  Initiate  cracks  as  the 
conQ)osltlon  of  an  edloy  Is  changed  toweurds  one  of  greater  resistance  to 
cracking:  (a)  the  rate  or  nature  of  the  Initial  surface  reactions  may  be 
Influenced  by  composition,  so  that  the  required  chemical  and  geometrical 
conditions  for  cracking  are  attedned  more  and  more  slowly  or,  (b)  the  number 
of  susceptible  paths  in  the  edloys  may  decrease  as  the  composition  approaches 
Immunity  to  cracking,  so  that  longer  times  of  corrosion  attack  wl'*!  be  nec> 
essary  before  such  a  susceptible  path  is  exposed  to  the  corrosive  medium. 

Because  the  time  required  for  cracks  to  penetrate  Into  the  alloys  remains 
about  constant.  It  seems  reasonable  to  assume  that  there  is  very  little  dif¬ 
ference  in  the  nature  of  the  crack  paths  In  any  of  the  various  susceptible  alloys. 
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The  adverse  effect  of  noble  otetal  additions  on  cracking  resistance  can 
be  explained  by  local  cell  action^  In  vdilch  the  steel  Is  the  anode.  In^iessed 
anodic  currents  can  cause  passivity  in  stednless  steel and  similar 

(n) 

results  have  been  obtained  by  noble  metal  additions^  * ;  in  the  presence  of 
stress^  however,  stainless  steel  in  boiling  magnesium  chloride  shows  more 
prolific  cracking  idien  the  anodic  reaction  is  stimulated  by  Impressed  cur¬ 
rents.  Also,  coupling  to  noble  metals  accelerates  cracking. The 

action  of  the  addition  of  noble  metals  can  thus  be  explained  as  one  of  local 
stimulation  of  anodic  attack,  idiich  gives  rise  to  rapid  crack  formation. 

Nick'll  does  not  crack  in  boiling  magnesium  chloride,  even  when  stressed 
above  its  yield  point.  It  has  also  been  shown  that  cracks  do  not  propagate 
in  nickel. This  work  has  now  been  extended,  and  results  with  bonded 
samples  show  that  some  20%  nickel  stednless  steels,  as  well  as  nickel-base 
alloy  No.  1,  are  resistant  to  alreeuiy  nucleated  cracks.  The  fraction  of  the 
total  cracks,  formed  in  the  susceptible  part  of  the  compound  specimens,  idilch 
fall  to  penetrate  Into  the  steels  Increases  with  increasing  time  to  failure 
when  they  are  tested  edone.  Thus,  it  seems  reasonable  to  assume  that  the 
longer  times  to  fallxire  are  caused  by  increasing  difficulty  In  finding  a 
crack- susceptible  site  during  Initial  corrosion  idilch  precedes  the  propagation 
period.  It  is  possible  that  crack  Initiation,  as  such,  does  not  exist  as  a 
separate  step  during  stress  corrosion  cracking  In  austenitic  stainless  steels. 
Assuming  that  the  time  lapse  before  the  onset  of  propagation  is  actually  spent 
in  exposing  a  susceptible  path  to  the  corrosive  medium,  then  edl  that  is  needed 
would  be  sufficient  general  corrosion  or  film  destruction,  and  no  true  nucleatlon 
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Is  required.  It  Is  also  possible  that  there  is  no  great  difference  betveen 
the  Initial  corrosion  or  film  destruction  at  the  surface  of  a  crack- sensitive 
or  a  crack- resistant  material.  It  remains  to  be  established  whether  the 
"existing  paths"  of  rapid  locaillzed  corrosion  are  real,  and.  If  so,  how  they 
are  formed  In  a  stressed  metal. 

In  previous  discussions  it  was  concluded  that  cracks  prtv'agate  gradually 

(13) 

and  considerable  evidence  was  given  in  favor  of  an  electrochesaical  mechanism.'  ' 
The  present  work  is  not  in  disagreement  with  such  a  mechanism,  but  the  resvilts 
suggest  that  the  way  in  \rtiich  corrosion  can  proceed  at  sufficiently  high  cur¬ 
rent  densities  to  account  for  observed  rates  of  cracking  is  not  mainly  one 
of  strain- Induced  depolarization  at  the  crack  roots.  If  this  were  so,  then 
it  would  be  expected  that  the  results  in  Table  XI  would  firstly  show  strain- 
induced  depolarization  at  the  higher  current  densities,  and,  secondly,  that 
there  would  be  a  correlation  between  crack  susceptibility  and  the  depolarization 
observed.  These  requirements  are  not  fiilfllled.  An  alternative  explanation 
for  selective  corrosion  may  be  the  formation  of  composition  grsuileats  within 
the  stressed  alloy.  Such  segregation  of  solute  atoms  has  recently  been 

(21  22) 

reported  by  Swann  and  Nutting.'  ’  '  These  authors  also  demonstrated  selec¬ 

tive  attack  in  i>ollshlng  solutions  at  sites  of  imperfection  and  changes  in 
composition,  but  they  interpret  the  contribution  of  localized  corrosion  as 
only  a  part  of  stress  corrosion  cracking,  the  other  step  consisting  of  physical 
fractiire.  In  stainless  steel  It  is  believed  that  the  mechanism  is  entirely 
electrochemlceiL. This  does  not  exclude  the  possibility  of  continuous 
removal  of  metal  to  form  cracks  by  selective  corrosion  according  to  Swann  euid 
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Nutting,  it  only  omits  the  mechanical  step.  The  enriched  eiUoy  zone  in  the 
region  of  stacking  faults  uould  have  to  be  sufficiently  anodic  to  the  matrix 
to  provide  a  potential  difference  large  enough  to  account  for  the  high  cur¬ 


rent  densities  required  for  crack  propagation.  Along  the  same  lines,  Uhllg 
and  White suggested  the  setting  up  of  strongly  cathodic  areas  by  diffusion 
of  nitrogen  to  lattice  imperfection  sites  during  plastic  deformation.  The 
Influence  of  structural  and  composition  changes,  caused  during  straining  of 
alloys  on  stress  corrosion  will  have  to  be  evaluated  more  fully  before  a 
better  picture  of  the  mechanism  of  cracking  can  be  obtained. 
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I  COMPOSITION  OF  LEVITATIOH-MELTED  ALLOYS  WITH  iH  NICKEL 

I  Starting  Material;  3l(VM  379),  Ni,  l6.3^t  Or,  .0013^  C, 

.002^^  N,  <.0035t  Ti,  .002^6  Mh, 

:  .03^6  Si,  .0035^  Al,  .009^6  0, 

-•  .007T  S,  .0023^  P 


I  § 
i 


V  OJtOOOt^COir»J-0\Cpor)Q^JtCVJON-^lArwHHOQC\| 

P  S  '55fOC\|U^HC\|HHCVjHH^ir\iHHCUC\JCVIHJ-C\j3  c3 

I  ^ 

I - 


OJOOMDlAHCVIOOcyHJ-QOQi-HOxIVO  IVO  IMDLA^ 
-^CVJC\JCVJHHHi-1<\JHHCVI-5'H  IHI  IHOOH 


•M  OJOJCVJootrNir\ojro-^-^-4-roromoji-lc\jH^ 

r>  III 


ro  m  -d- 


OOQQQOQOQOQQQ 

8888888888888 


assissiei  a 

"ti*.  "ti*-  "ti*.  "ti*.  tf*-  tp- 
■(^■eP-c^ONC^t-vaH  H 
ooj-  -zt 

ooooooooo 


■A  "tp.  -(P. 

tP.>p.tP.>p.-«p.'tP.C\jvo  t-^-'eP-tP-tP.'tP.'iP.tp.'tP.'eP.tP.'^ 
uacoh  irviPi^j-j-  o  O  C\J  irNir\cocO  H  H  0^ 

Oi-tMD^J-HOOOOHOOHrHOOrOVOOO  O 


ro  ro 


cjfn^  lAiAvot^co  a\  0\  <D  h  hcmcu  mooj-uAvo 

rOoomfnroor)ooco(nfn^j-^-4'-4--;J-^-4-^-sJ- 


TABLE  VIII  (Continued) 


TABLE  X 


STRESS  CORBOSIOK  PROPERTIES  OF  HIGH  NICKEL  ALLOYS 


Alloy  No. 

Test  Stress,  psi. 

Hours  to  Failure 

67 

35,00c 

>500 

68 

35,000 

>500 

69 

35,000 

>500 

70 

35,000 

>500 

71 

35,000 

>500 
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Api>aratus  for  Polarization  Measurements. 


Time  to  Rupture,  hours 


Carbon  Content,  7© 

Fig.  2.  Effect  of  Carbon  on  Stress  Corrosion 
Cracking. 
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Fig.  3.  Potentlal-tljne  behavior  of  "pure"  alloy  with  20^t  Ni. 
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Fig.  4.  Potential- time  behavior  of  20^  Ni  alloy  with  Mn. 
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Time,  minutes 

Fig.  5.  Potential-time  behavior  of  2.0$  »i  alloy  with  N. 
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Fig.  7.  Potential- time  behavior  of  20^  Ni  alloy  vith  N 
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Fig.  8.  Potential- time  behavior  of  20^  Hi  alloy  with  Mo. 


Fig.  9*  Method  of  Mounting  Wire  Specimens,  X3 


Fig.  10.  Cracks  Stopping  upon  Reaching  ''Pure" 

l6  Cr-20  Ni  Alloy.  XlOO 
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Fig.  11.  Pitting  at  Roots  of  Cracks  in  "Pure" 
l6  Cr-20  Ni  Alloy. 
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Fig.  12.  Cracks  Penetrating  into  20  Ni  Alloy  with 

1.5  Mo.  XlOO 
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